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ABSTRACT 
 
Observations of the gravitational microlensing event MOA 2003-BLG-32/OGLE 
2003-BLG-219 are presented for which the peak magnification was over 500, the 
highest yet reported. Continuous observations around the peak enabled a sensitive 
search for planets orbiting the lens star. No planets were detected. Planets 1.3 times 
heavier than Earth were excluded from more than 50 % of the projected annular 
region from approximately 2.3 to 3.6 astronomical units surrounding the lens star, 
Uranus-mass planets from 0.9 to 8.7 astronomical units, and planets 1.3 times heavier 
than Saturn from 0.2 to 60 astronomical units. These are the largest regions of 
sensitivity yet achieved in searches for extrasolar planets orbiting any star.       
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Gravitational microlensing events of high magnification occur when the foreground 
lens system comes into near-perfect alignment with the background source star. 
Suitable alignments are most readily found in the dense stellar fields in the Galactic 
bulge, where magnifications as high as 1000 are possible (1). In these events, the two 
images of the source star produced by the lens star merge to form a near annular 
single ring image. The events provide enhanced sensitivity to planetary companions 
of the lens star because they can, depending on the planetary mass and position, 
perturb the ring-like image of the source star at times near the peak amplification (1-
5). They complement events of low magnification that also provide substantial 
sensitivity to extrasolar planets when ‘caustic crossings’ occur (6-9). For both 
detection methods, the sensitivity to low-mass planets is enhanced in events with 
small (that is, main-sequence) source stars (2,5,8).   
 
High magnification events can be detected in microlensing surveys that are sensitive 
to unresolved main-sequence stars and employ frequent sampling of target fields (10). 
However, most events occur on very faint sources and, while spectacular, are 
effectively very short-lived. Here we report observations of the very high 
magnification microlensing event MOA 2003-BLG-32/OGLE 2003-BLG-219 
(hereinafter M32/O219). It was the first high magnification event (with a non-binary 
lens star) for which the FWHM of the peak was intensively monitored. The 
observations were carried out with the 0.6-m telescope operated by the Microlensing 
Observations in Astrophysics (MOA) collaboration at the Mt John Observatory in 
New Zealand, the 1.0-m telescope of the Wise observatory in Israel, and the 1.3-m 
Warsaw telescope operated by the Optical Gravitational Lensing Experiment (OGLE) 
collaboration at the Las Campanas Observatory in Chile.  
 
M32/O219 was found independently by the MOA and OGLE microlensing surveys 
(11,12). The event brightened rapidly in the MOA survey on 12 June 2003 at α = 
18h:05m:34s.64 and δ = -29°:06':53".6 (J2000.0), i.e., at Galactic coordinates are l = 
2.04° and b = -3.86°. Intensive observations were carried out by MOA, and 
subsequently by the Wise observatory during daylight hours in New Zealand. 
Unfortunately, the OGLE telescope was clouded out at the time, but constraining 
observations were made before the event peaked, and further constraining 
observations were made as it faded. The total dataset presented here comprise 44 
Wise I-band images, 2 Wise V-band images, 921 MOA images from 2000-2003 in a 
wide red band, and 182 OGLE I-band images from 2001-2003. Except for the Wise 
V-band images, all images were analyzed using the difference-imaging technique to 
achieve the best possible photometric accuracy (13). This resulted in three 
independent sets of uncalibrated "delta-flux" measurements (tables at MOA website 
www.physics.auckland.ac.nz/moa/index.html).  
 
The delta-flux measurements are well fitted by the theoretical light curve for 
microlensing of a point source by a single lens (Fig. 1). The light curve may be 
characterized by the normal parameters for gravitational microlensing. These are the 
Einstein radius crossing time tE, the impact parameter u0 of the source star trajectory 
with respect to the lens star in units of the Einstein radius rE, and the time t0 of closest 
approach of the source star to the lens star. The fitted values are u0 = 0.00191 ± 
0.00028, t0 = HJD2452803.4856 ± 0.0001, and tE = (20.87 ± 0.11 day) × (0.00191/u0) 
(14). The χ2 for the best fit has χ2/(degrees of freedom) = 1146.6 / 1129. The peak 
amplification, Amax, was 520 ± 80. Deviations of the light curve from that of a point 
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source were searched for, but none were found. A 2σ upper limit of ~ 0.0016 for the 
ratio rs/rE’ was obtained, where rs denotes the radius of the source star, and rE’ the 
Einstein radius projected to the plane of the source star.  
   
The Wise images of the event were calibrated using the OGLE catalogue of bulge 
stars (15) and the DoPHOT photometry program (16) for crowded fields (tables at 
MOA website). This yielded model-independent values of the peak magnitude of the 
event, Ipeak = 14.251 ± 0.018, and of the color index of the source star, V – I = 1.51 ± 
0.03. Here the small uncertainties result from the high magnification of the event. The 
microlensing fit yielded the baseline magnitude of the source star, I = 21.05 ± 0.15. 
This enabled the source star to be placed on a color-magnitude diagram of a nearby 
field (Baade’s window) that was obtained by the Hubble Space Telescope (17). When 
allowance was made for the slightly different extinctions towards Baade’s window 
and M32/O219, the source star for M32/O219 was found to lie on the perimeter of the 
HST diagram that corresponds to a metal-poor G-type main sequence star with radius 
~ 0.7 R⊙ located at the back of the Galactic bulge (Fig. 2). The low metallicity of the 
source star was not anticipated, but we note that a similar result was reported recently 
for another event with a faint source star at the back of the Galactic bulge (18).    
 
The sensitivity of high magnification microlensing events to the presence of 
extrasolar planets depends not only on the peak magnification, but also on the size of 
the source star, with smaller source stars providing higher sensitivity (2,5,10). The 
source-size enters through the ratio rs/rE’, which, as noted above, is restricted by the 
light curve of M32/O219 to values < 0.0016. For a lens of mass ~ 0.4 solar mass 
[typical for events with tE ~ 20 day (20)] located near the back of the bulge, rs/rE’ ~ 
0.0015. For a lens of the same mass, but located towards the front of the bulge, rs/rE’ ~ 
0.0007. The latter location is more likely, as it doubles the projected Einstein radius 
and the probability for lensing, and is entirely consistent with the absence of source-
size effects in the light curve. In what follows, we report the sensitivity of M32/O219 
to planets for rs/rE’ equal to both 0.0007 and 0.0015. Values lower than 0.0007 are 
also possible, but they correspond to less likely masses and/or locations of the lens 
star.  
 
We note that rE ≈ 2.9 astronomical units (AU) if rs/rE’ = 0.0007. We also note that all 
the parameters in microlensing events, including rs/rE’, may be measured by observing 
the lens and the source as they diverge from one another after microlensing ceases 
(21), and that Monte Carlo simulations may also be carried out to constrain these 
parameters (18). Post-event observations would be especially valuable for those 
events in which planets are detected.        
As the light curve of M32/O219 (Fig. 1) is consistent with that of a single lens, we 
used the data to determine exclusion zones for extrasolar planets orbiting the lens. 
Light curves were computed corresponding to the lens star with trial planets placed at 
various positions and with various masses, and compared to the observed data. The 
projected co-ordinates of the planet in the lensplane, xp and yp, were both allowed to 
range from –8rE to +8rE in steps of rE/32 for planet:star mass ratio values q = 10-6 and 
10-5, and from –64rE to +64rE in steps of rE/4 for q = 10-4 and 10-3. In a previous 
search for extrasolar planets by microlensing, a finer grid was used (22).  
 
A numerical light curve for each trial planet was generated using an inverse ray- 
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shooting algorithm (5), and the χ2 with respect to the observed data was calculated. 
The value of χ2 for the best fit curve without an extrasolar planet was subtracted to 
provide a difference of chi-squares, ëχ2, for each trial. A threshold value of the 
difference was set at ëχ2 = 40 as the minimum required to exclude the presence of an 
extrasolar planet. This is smaller than the threshold value used in (22). However, in 
the previous search, extrasolar planets were sought in events of lower magnification, 
where it is known that planetary perturbations may occur anywhere on the light curve 
during the Einstein crossing time, 2tE. In contrast, in events of high magnification like 
the present one, most planetary perturbations are confined to a short time window of 
order the FWHM of the light curve (5). This reduces the number of degrees of 
freedom, and permits a lower threshold value of ëχ2 to be used. Also, the photometry 
for the present study was carried out using the difference imaging technique (13). This 
utilizes all the information contained in the images of dense stellar fields to minimize 
systematic and statistical errors. Fig. 3 shows light curves for various trials with ëχ2 
at the threshold value superimposed upon the data (23). Significant inconsistencies 
between these light curves and the data are seen.    
Fig. 4 shows exclusion regions for planets as a function of the planet:star mass ratio, 
q, and the projected separation, a, from the lens star of M32/O219. These are the 
regions for which ëχ2 > the threshold value given above. Fig. 5 shows planetary 
detection efficiencies obtained by integrating the exclusion regions over the possible 
position angles (0° - 360°) of extrasolar planets. The efficiencies exceed 50% for a = 
(0.80 - 1.25)rE for q = 10-5, and for a = (0.32 – 3.0)rE and (0.05 – 21)rE for q = 10-4 
and 10-3 respectively. With the estimates given above, the q values 10-6, 10-5, 10-4 and 
10-3 correspond approximately to extrasolar planets of 1.3 times Mars mass, 1.3 times 
Earth-mass, 1.0 times Uranus mass and 1.3 times Saturn-mass, respectively, and, as 
noted above, rE  ≈ 2.9 AU. The observations therefore imply that planets slightly 
heavier than Earth are excluded from more than 50% of the projected annular region 
from approximately 2.3 to 3.6 AU surrounding the lens star of M32/O219, Uranus-
mass planets from 0.9 to 8.7 AU, and planets slightly heavier than Saturn from 0.2 to 
60 AU.      
Although no extrasolar planets were found in M32/O219, the observations eliminated 
the possible presence of terrestrial, ice-giant and gas-giant planets over large ranges of 
orbital radii. If several microlensing events of high magnification can be detected and 
monitored, upper limits or rough statistics will be able to be determined on the 
abundances of these planets. A few events with magnification exceeding 100 are 
detected annually (10,11), and events with the very high magnification of M32/O219 
may not be uncommon (18). As our present knowledge of extrasolar planets is largely 
theoretical (e.g., 25-29), any observational information should be helpful. Such 
information could also assist the planning of future, space-based probes of extrasolar 
planets (30-32).       
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Fig. 1. Light curve of MOA 2003-BLG-32 obtained by MOA (red), OGLE (blue) and 
Wise (green) over 1.5 days and 4 years. The delta-fluxes obtained from the difference 
imaging analysis were normalized to amplifications that correspond to the best fit for 
a single lens and a point source, as shown by the solid line. HJD is heliocentric Julian 
day. 
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Fig. 2. Color-magnitude diagram obtained by the HST of Galactic bulge stars in 
Baade’s window (17). The HST passbands F814V and F555W are similar to the 
conventional I and V passbands. The red dot denotes the position of the source star for 
M32/O219, after a small correction has been made for the slightly different values of 
extinction and reddening towards Baade’s window and M32/O219. The position 
corresponds to the source star being located at the very back of the Galactic bulge. 
The de-reddened magnitude and color of the source star, determined from the position 
of the red-giant clump as in (18), are I0 = 19.9 ± 0.2 and (V-I)0 = 0.63 ± 0.05 
respectively. Assuming a distance of 10.5 ± 0.5 kpc, the absolute magnitude is MI = 
4.8 ± 0.2. The magnitude and color correspond to a low-metallicity G-type star of age 
~ 10 Gy and radius ~ 0.7 R⊙ (19).  
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Fig. 3. Fractional deviations from the single lens for various trial planets with ëχ2 at 
the threshold value required for exclusion, corresponding to planets on the perimeters 
of the exclusion regions in Fig. 2.  The mass fractions, q, and position angles of the 
planets as defined in (5), are: 10-5, 90°, black; 10-4, 270°, red;  10-3, 45°, blue. The 
source-size parameter rs/rE’ = 0.0007. Discrepancies between the trials and the data 
are apparent. For planets in the interiors of the exclusion regions in Fig. 4, the 
discrepancies are larger, with ëχ2 reaching values as high as 4,800, 72,000 and 
133,000 for q =  10-5, 10-4 and 10-3 near the Einstein ring. The parameters t0, tE and u0 
were held fixed at their values determined in the single lens fitting, with u0  = 0.00194 
for rs/rE’ = 0.0007. Limb darkening of the source star was included following Claret 
(24). The fine-scale structure in the plots is caused by numerical noise and is 
unphysical.  
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Fig. 4. Exclusion regions for planets orbiting the lens star of M32/O219 as a function 
of the planet:star mass ratio q, and the projected coordinates xp and yp of the planet in 
units of rE. The source-size parameter rs/rE’ = 0.0007. The upper panel shows 
exclusion regions for low-mass planets with q = 10-6 (black), 10-5 (green) and 10-4 
(red), respectively, and the lower panels shows exclusion regions for q =  10-4 (red) 
and 10-3 (blue). The sizes of the exclusion regions do not depend critically on the peak 
magnification. The regions for the magnification at its 1-σ upper or lower limits 
would not be dissimilar (18). Indeed, doubling or halving the magnification does not 
dramatically alter the exclusion regions in these events (10). The orientation of the 
plots is similar to that used in (5), with the source star moving horizontally left to 
right, just beneath the lens star. 
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Fig. 5. Detection efficiencies for planets orbiting the lens star of M32/O219 as a 
function of the planet:star mass ratio q, and the projected separation a in units of rE. 
The q values are 10-6 (black), 10-5 (green), 10-4 (red) and 10-3 (blue). The solid lines 
denote efficiencies for the source-size parameter rs/rE’ = 0.0007, and the dashed lines 
for the (less likely) value of 0.0015. These results demonstrate the gradual loss of 
sensitivity that occurs for low mass planets as rs/rE’ increases. The results also 
illustrate a well-known degeneracy of the microlensing technique at high 
magnification. Planets at projected separations a and a-1 produce identical 
perturbations to the microlensing light curve (2). Information from space-based 
searches for extrasolar planets using the transit technique, which will provide statistics 
on the abundances of all types of planets at orbital separations < 1 AU, could assist to 
break this degeneracy. We note that the caustic-crossing technique (6-9) is not subject 
to the above degeneracy.    
 
 
 
 
 
 
